
                             Editorial Manager(tm) for International Congress Series 
                                  Manuscript Draft 
 
 
Manuscript Number:                
 
Title:  An electro-magnetically tracked laparoscopic ultrasound for multi-modality minimally invasive surgery
                           
 
Article Type:  Full Length Article (FLA) 
 
Section/Category:   
 
Keywords:  laparoscopic ultrasound; electro-magnetic tracking; radio-frequency ablation; ultrasound/CT 
registration; image-guided therapy 
 
Corresponding Author:  Dr Jochen Kruecker, PhD 
 
Corresponding Author's Institution:  Philips Research USA 
 
First Author:  Jochen Kruecker, PhD 
 
Order of Authors:  Jochen Kruecker, PhD; Anand Viswanathan, MS; Joern Borgert, Dr.; Neil Glossop, PhD; 
Yibin  Yang, PhD; Bradford Wood, MD 
 
Manuscript Region of Origin:  
 
Abstract:  An experimental workstation and surgical tools are presented utilizing electro-magnetic tracking to 
register real-time laparoscopic ultrasound (LUS) images with static pre-acquired CT volumes. The 
registration and image fusion were used to guide tracked needles to target locations in an abdominal 
phantom. A custom-made sleeve equipped with magnetic sensor coils and attached to the steerable tip of a 
commercial LUS probe allowed precise localization of the imaging array without line-of-sight restrictions. For 
registration with CT image space, landmarks in physical space were identified using three different methods: 
(1) by pointing with a separate, electro-magnetically tracked pointer, (2) by pointing with the tip of the 
laparoscope, or (3) by imaging and subsequent manual identification of the landmark with LUS. The root-
mean square (RMS) registration error using the three methods was 1.5 mm, 1.4 mm, and 1.1 mm, 
respectively. Overlays of real-time LUS with pre-acquired CT demonstrated the registration quality. Based 



on these registrations, tracked needles were guided into user-defined target locations. The RMS placement 
accuracy was 1.8 mm, 1.3 mm, and 1.9 mm, respectively. Accuracy is sufficient for planned clinical trials. 
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Abstract. An experimental workstation and surgical tools are presented utilizing electro-magnetic 
tracking to register real-time laparoscopic ultrasound (LUS) images with static, pre-acquired CT 
volumes. The registration and image fusion were used to guide tracked needles to target locations 
in an abdominal phantom. A custom-made sleeve equipped with magnetic sensor coils and 
attached to the steerable tip of a commercial LUS probe allowed precise localization of the 
imaging array without line-of-sight restrictions. For registration with CT image space, landmarks 
in physical space were identified using three different methods: (1) by pointing with a separate, 
electro-magnetically tracked pointer, (2) by pointing with the tip of the laparoscope, or (3) by 
imaging and subsequent manual identification of the landmark with LUS. The root-mean square 
(RMS) registration error using the three methods was 1.5 mm, 1.4 mm, and 1.1 mm, respectively. 
Overlays of real-time LUS with pre-acquired CT demonstrated the registration quality. Based on 
these registrations, tracked needles were guided into user-defined target locations. The RMS 
placement accuracy was 1.8 mm, 1.3 mm, and 1.9 mm, respectively. Accuracy is sufficient for 
planned clinical trials. 
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1. Introduction 
 

Minimally invasive surgery and interventional procedures, combined with image-
guidance technologies, have shown increasingly promising results in recent years 
compared with traditional open surgery. Advantages of less invasive procedures include 
shorter hospital stays or use in an outpatient setting, reduced cost, less blood loss, faster 
recovery from the procedure, and reduced use of pain medication.
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In addition, some interventional and minimally invasive procedures can be performed 
in patients not considered candidates for surgery due to age, extent of disease, or other 
factors. Radiofrequency ablation (RFA) is an interventional procedure that has become a 
standard treatment option for certain unresectable primary and secondary malignant 
hepatic tumors, and is being studied for multiple oncology applications like lung and 
kidney tumors and painful bone metastases [1]. RFA is generally performed under 
ultrasound (US), computed tomography (CT), or magnetic resonance imaging (MRI) 
guidance. In most cases, liver RFA can be performed percutaneously or laparoscopically, 
and open surgical exposure of the liver is only required in some cases [2].  

The least invasive approach, percutaneous RFA, relies on adequate visualization of 
the tumor using percutaneous imaging. Percutaneous ultrasound generally can be used to 
provide image guidance but the image quality may suffer when trying to image through a 
thick layer of abdominal fat, or if the tumor location is too far below the skin surface. In 
such cases, laparoscopic ultrasound (LUS) can provide superior image quality by placing 
the imaging probe directly on the liver surface. The most common advantage of LUS 
over the percutaneous approach is that RFA may be safely performed adjacent to bowel, 
nerve, ureter, or other sensitive collateral structure, following surgical dissection or 
insulating protection from carbon dioxide gas or a gauze. One disadvantage of 
laparoscopic ultrasound is the difficulty in relating the ultrasonic image plane to the 
patient anatomy, because standard orientations used in trans-abdominal ultrasound 
cannot be used laparoscopically [3]. Thus, interpreting LUS images requires significant 
expertise. Electromagnetic tracking of the laparoscope and registration of the LUS with a 
pre-acquired volumetric image, such as CT or MRI, offers potential benefits in the image 
interpretation [4]. 

A second benefit offered by tracked LUS is that it allows registration using internal 
landmarks for tracked needle-based procedures. Electro-magnetically tracked needles 
can be used for biopsies and ablations, and may complement or replace real-time image 
guidance during these procedures. Given the strong deformation of the abdominal region 
due to the CO2 insufflation during laparoscopic procedures, external landmarks would be 
insufficient to provide registration with a pre-acquired data set. With electro-magnetic 
tracking, the position and orientation of a needle can be directly related to a pre-acquired 
volumetric image, thus guiding the needle on a path toward a pre-selected target without 
real-time imaging, or by using additional visual targeting feedback superimposed on a 
real-time image. Lesions such as neuroendocrine pancreatic tumors and small hereditary 
kidney tumors may be difficult to localize in relation to pre-operative imaging, partly 
due to multiplicity of lesions. Tracked LUS could localize and identify which lesions are 
targeted, when the target may be only identified with special contrast agents and is one 
of many candidate lesions. 

We present a prototype workstation and device enabling registrations and needle 
targeting using an electro-magnetically tracked laparoscope. The accuracy of different 
registration techniques and of subsequent needle targeting is evaluated in phantom 
experiments.  
 
2. Materials and Methods 

 
A laparoscopic ultrasound transducer with a 9 MHz linear array (Philips Medical 

Systems, Andover, MA) was equipped with a custom-fitted electro-magnetic sensor 



(Traxtal Inc., Bellaire, Texas). Fig. 1 shows the sensor sleeve attached to the steerable 
tip of the probe, immediately adjacent to the ultrasound array. 

The sensor sleeve is compatible with the Aurora magnetic tracking system (Northern 
Digital Inc., Waterloo, CA) and encodes 6 degrees of freedom (DOF). Two calibration 
procedures were performed to relate tracking coordinates recorded with the tracking 
system to physical and image coordinates:  

(1) The most distal part of the laparoscopic probe was identified as “probe tip”. The 
position of the probe tip relative to the coordinate system of the sensor sleeve was 
determined by positioning the probe tip onto the tip of a needle and exercising 6 DOF 
motion around the needle tip while recording magnetic tracking data from the sleeve. 
Singular value decomposition of the recorded transformation matrices allows least-
squares estimation of the offset from sensor coordinates to probe tip. This calibration 
allows usage of the laparoscopic tip as an electro-magnetically tracked pointer device. 
The accuracy of this calibration was established by subsequent tracking of the 
laparoscope relative to a calibrated tracked pointer positioned on the probe tip, and was 
estimated to be better than 1 mm.  

(2) The second calibration established the relationship between the sensor coordinates 
and the image coordinates of the ultrasound image generated by the laparoscope. This 
calibration was performed for a fixed imaging depth of 7.9 cm, which was used for all 
subsequent experiments. The calibration involved obtaining ultrasound images with the 
tracked laparoscope in a custom-made cross wire phantom and manually identifying the 
crossed wires in the images, which served as a point target. Singular value 
decomposition was used to determine the relationship between ultrasound image 
coordinates and tracker space coordinates based on the location of the point targets and 
corresponding tracker data. The accuracy of this calibration was better than 0.7 mm 
RMS throughout the field of view. 

All validation experiments were performed in an abdominal multi-modality imaging 
phantom (Computerized Imaging Reference Systems, Norfolk, VA). The phantom was 
customized to include approximately 10 hypo-echoic spherical lesions with diameters of 
10 to 20mm in the liver part of the phantom. Six of these lesions were located within the 
imaging depth of the LUS. Five of the lesions were used as landmarks for registration 
purposes, the sixth lesion served as a target for evaluation of tracked needle placements. 
Radio-opaque fiducial markers (Beekley Corp., Bristol, CT) were attached to the outside 
of the phantom to serve as reference points for registrations with pointer-like devices. 

CT scans of the phantom were obtained using a Philips MX8000 scanner. A slice 
thickness of 2 mm with 50% overlap and a 400 mm field of view were chosen for all 
scans. The first scan served as a reference and was used to register ultrasound image 

 
Fig. 1. (A) Laparoscopic ultrasound probe with position sensor sleeve attached. (B) Probe tip and sensor detail. 



space and tracking space with CT image space. Following each needle placement, one 
additional CT scan was obtained to verify the needle position and serve as a gold 
standard in determining the accuracy of needle placement.  

Custom software was developed to perform the calibrations and registrations, and to 
provide navigational feedback for advancing a tracked needle into a pre-selected target 
position inside the phantom. A total of 15 registrations were performed, 10 using the 
external fiducials and 5 using the internal lesions. Half of the registrations with external 
fiducials were obtained by touching the fiducials with a commercial, calibrated tracked 
pointer; the other half were obtained by using the laparoscope tip instead of the pointer. 
Registrations using the internal landmarks required imaging the central cross section of 
each landmark with laparoscopic ultrasound. Video frame grabbing was used to display 
the real-time ultrasound image on a workstation, where the center of each landmark was 
identified manually. 

Once a registration transformation was computed, the real-time ultrasonic image 
could be fused and visualized with the pre-acquired CT scan. In addition, the 
registrations could be used to visualize the positions of other tracked interventional 
devices, such as needles and pointers, relative to the CT image. This was used to guide a 
19 gauge tracked stylet to the user-defined target location identified in the CT scan. A 
special targeting display facilitated the procedure by providing visual feedback regarding 
the current needle orientation and distance relative to the target. 

 
3. Experiments and Results 

 
The registrations and needle placements were performed with the phantom positioned 

on an acrylic support structure, approximately 200 mm above the CT table and 900 mm 
away from the CT gantry. Keeping this distance from table and gantry ensured that the 
accuracy of the magnetic tracking system was not significantly affected by electro-
magnetic interference. Identification of the landmarks and fiducial markers in the CT 
image took an experienced operator approximately two minutes. Identification of the 
corresponding physical positions with magnetic tracking took about one minute when 
using the commercial pointer, and about two minutes when using laparoscopic 
ultrasound. 

The registration results are summarized in Table 1. There was no statistically 
significant difference between the mean registration errors. The registrations were then 
used to overlay the laparoscopic ultrasound image onto the pre-acquired CT and to guide 
a tracked needle to a radio-opaque point target placed in the phantom, and to the center 
of a lesion identified in the phantom. Fig. 2 shows examples of the US/CT overlay. 
Images A and B show two lesions visualized with different opacity of the US image, 
which was used to demonstrate the accuracy of registration. Image C shows the fused 
images of a rib structure further away from the lesions used for registration. 

Fig. 3 displays a screen shot from the targeting process, after the needle was advanced 
into the center of the target lesion. The two images to the left show a model of the needle 

Table 1 
Registration errors (mm) for different registration methods 
Registration: Tracked Pointer Tracked Laparoscope Tip LUS Imaging of Landmarks 
Mean RMS Error: 1.47 1.35 1.12 
Std. Deviation: 0.60 0.50 0.39 



superimposed on orthogonal cross sections through the CT scan at the position of the 
needle tip. Note that an entry angle not perpendicular to the surface of the phantom was 
used in order to avoid the rib structure anterior to the lesion. The right image, called the 
targeting display, shows a cross section through the target lesion and perpendicular to the 
needle. The small cross in the center indicates the current orientation of the needle and 
can be used to correct the needle angle during the positioning process.  

Table 2 summarizes the results of guided needle placements in the phantom. 
“Displayed Accuracy” is the needle tip-to-target error indicated by the magnetic tracking 
system after the operator completed the needle placement. “Confirmed Accuracy” is the 
tip-to-target error as confirmed by subsequent CT scans and manual identification of true 
needle tip and target positions. The displayed values are mean and standard deviation 
based on 5 needle placements each. 

 

 

Fig. 2. Overlay of real-time laparoscopic US with pre-acquired CT. The two lesions in the US image in (A) 
become visible in the same position in the CT image (B) after reducing the opacity of the US overlay.  (C) 
shows good agreement of the rib surface between the US overlay and CT image.  

 
Fig. 3. A screenshot from the targeting display after the needle was guided into a lesion. 



4. Discussion and Conclusions 
 

An experimental surgical navigation system is presented that integrates laparoscopic 
real-time ultrasound, pre-acquired CT images, and electro-magnetic tracking. The 
tracking system is used to register the US with CT, and to guide tracked needles to a 
target location defined on CT. The primary applications to benefit from this technology 
are laparoscopic biopsies, radio-frequency ablations, cryo-ablations, and other needle-
based procedures, however surgical localization and targeting of hard-to-differentiate 
lesions in the pancreas, liver, and kidney may potentially expedite and facilitate resection 
with maximal sparing of normal structures. The fusion of US and CT in a single image 
may leverage the complementary image information to an extent not achievable when 
using US and CT independently. This surgical navigation system makes use of the high 
resolution imaging like CT and MRI that normally are hanging on a light board on the 
wall far away from the scalpel action in the standard operating theatre. The CT scan 
allows path planning in 3D, and offers a large field-of-view and high signal-to-noise 
ratio. Some lesions, however, do not visualize well on CT, even after contrast injection. 
US alone does not visualize all lesions either but may provide some information in cases 
where CT fails. Some US contrast agents show promise and the role of US may become 
more prominent once more advanced contrast agents are approved for clinical use. 

While fused US/CT alone may improve path planning and targeting for needle-based 
procedures, an additional and possibly larger benefit lies in the combination with electro-
magnetically tracked needles. As demonstrated in this study, fast and accurate 
registrations can be obtained using the tracked laparoscope, comparing favorably with 
previous electro-magnetic tracking studies [5]. This offers the flexibility of using 
external (skin) and internal (organ surface) superficial landmarks as well as landmarks 
inside of organs (deeper lesions, vascular bifurcations etc.). 

We have also shown that in a stationary phantom these registrations are sufficient to 
provide very accurate needle guidance based on the tracking information alone. The fast 
and accurate placement of the needles even by less experienced users suggests that 
clinical value may be added by the introduction of electro-magnetic tracking. 
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